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Abstract

Author Manuscript

Fluorogenic dyes such as FlAsH and ReAsH are used widely to localize, monitor, and characterize
proteins and their assemblies in live cells. These bis-arsenical dyes can become fluorescent when
bound to a protein containing four proximal Cys thiols – a tetracysteine (Cys4) motif. Yet the
mechanism by which bis-arsenicals become fluorescent upon binding a Cys4 motif is unknown,
and this nescience limits more widespread application. Here we probe the origins of ReAsH
fluorogenicity using computational techniques. Our results support a model in which ReAsH
fluorescence depends on the relative orientation of the aryl chromophore and the appended arsenic
chelate; the fluorescence is rotamer-restricted. Our results do not support a mechanism in which
fluorogenicity arises from the relief of ring strain. The calculations identify those As-aryl rotamers
that support fluorescence and those that do not and correlate well with experiment. The rotamerrestricted model we propose is supported further by biophysical studies: the excited state
fluorescence lifetime of a complex between ReAsH and a high affinity Cys4 motif is longer than
that of ReAsH-EDT2, and the fluorescence intensity of ReAsH-EDT2 increases in solvents of
increasing viscosity. By providing a higher resolution view of the structural basis for
fluorogenicity, these results provide a clear strategy for the design of more selective bis-arsenicals
and better-optimized protein targets, with a concomitant improvement in the ability to characterize
previously invisible protein conformational changes and assemblies in live cells.

Introduction
Author Manuscript

Fluorogenic molecules–those that glow only upon interaction with a prescribed protein,
lipid, saccharide, or nucleic acid–are essential tools for localizing and monitoring events in
live cells, sometimes even in real time.1 Bis-arsenicals, exemplified by the dyes FlAsH2
(fluorescin arsenical hairpin binder) and ReAsH (resorufin arsenical hairpin binder),3
represent one class of fluorogenic molecules (Figure 1).2–4,5 Bis-arsenicals are not
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fluorescent when coordinated through arsenic to two ethanedithiol ligands (EDT), but can
glow brightly when EDT is exchanged for four proximal Cys thiols on a target protein, an
arrangement termed a tetracysteine (Cys4) motif.2 The thiols of a Cys4 motif can be close in
primary sequence (Figure 2A)2 or distant in sequence but close by virtue of association or
conformation (Figure 2B).6 In the latter case, induced bis-arsenical fluorescence can provide
a visual readout for structurally defined protein-protein interactions or conformational
changes in live cells,7–9 a methodology referred to as bipartite Cys4 display. Applications of
FlAsH and ReAsH include studies of connexin trafficking,10 GPCR activation,11 amyloidbeta amyloidogenesis, 12 EGFR activation,7,8 and, most recently, β-arrestin functional
dynamics.13

Author Manuscript
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Despite demonstrated utility for tagging proteins and their assemblies, 7,12,14,15,16 the
mechanism by which bis-arsenicals such as ReAsH become fluorescent upon protein
association is unknown,14 and this lack of knowledge hinders a more widespread application
of both linear2 and bipartite7–9 Cys4 display. Here we probe the origins of ReAsH
fluorogenicity using computational techniques. Our results support a model in which ReAsH
fluorescence is rotamer-restricted, depending in a critical way on the relative orientation of
the aryl chromophore and the appended arsenic chelate. Our results do not support a
previously proposed mechanism in which fluorogenicity arises from the relief of ring
strain.17 The calculations identify those As-aryl rotamers that support fluorescence and those
that do not, and correlate well with published experiments from multiple laboratories.
Moreover, the excited state fluorescence lifetime of the complex between ReAsH and a
protein-embedded Cys4 motif is longer than that of ReAsH-EDT2, and the fluorescence
intensity of ReAsH-EDT2 increases in solvents of increasing viscosity. These observations
are in full accord with the rotamer-restricted model. By providing a higher resolution view
of the structural basis for fluorogenicity, these results can guide the design of both more
selective bis-arsenicals and better-optimized protein targets, with a concomitant
improvement in the ability to characterize previously invisible protein conformational
changes and assemblies in live cells.

Author Manuscript

Two mechanisms have been proposed for the gain in fluorescence when ReAsH associates
with a linear or bipartite Cys4 motif (Figure 3). Both involve changes in photo-induced
electron transfer (PeT), in analogy with current models for the conditional gain in
fluorescence (fluorogenicity) of fluorescein and silicon-rhodamine dyes, among
others.18,19,20 Both mechanisms posit that ReAsH-EDT2 is quenched by PeT from a highlying molecular orbital (MO) centered predominantly on arsenic to a lower-lying MO
centered on the fluorophore (Figure 3A).2,14 In one mechanism, the energy of the arseniccentered MO is raised by ring strain (Figure 3B); ligand exchange with a protein Cys4 motif
relieves this strain, lowering the energy of the As-centered HOMO to prevent PeT. In
another mechanism, the energy of the As-centered HOMO energy depends on the As-aryl
dihedral angles Ω and/or Ω’ (Figure 3C)–the relative orientation of the aryl chromophore and
the appended arsenic chelate. Here, ReAsH-EDT2 is quenched because the As-aryl bond
rotates freely and samples conformations that allow PeT; protein-binding restricts rotation to
a low energy conformation in which PeT is prohibited. Regardless of the molecular details,
in both mechanisms a change in structure or dynamics lowers the energy of the As-centered
orbital to block PeT quenching (Figure 3D).
J Am Chem Soc. Author manuscript; available in PMC 2017 April 05.
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Results and Discussion
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The results of these calculations are shown in Figures 4 and 5. As expected, in their lowest
energy conformations, the As-centered HOMO of ReAsH-EDT2 (Figure 5A) lies above (ΔE
= 0.01217 Ha) the As-centered HOMO of ReAsH-PDT2 (Figure 5B) with energies of
−0.31055 and −0.32272 Ha, respectively (Figure 4). An energy difference of 0.01217 Ha is
significant: In azidofluorescein dyes, as well as those related to Tokyo Green, for example, a
0.01 Ha difference in quencher HOMO energy dictates whether a molecule is quenched or
fluorescent.19,24 An even smaller energy difference of 0.001 Ha was invoked to rationalize
the behavior of panel of potential methylglyoxal sensors.25 But despite the difference in ring
size and calculated orbital energy, in neither ReAsH-EDT2 nor ReAsH-PDT2 is the Ascentered HOMO energetically appropriate for PeT: in both cases, the As-centered HOMO
lies below the fluorophore-centered HOMO, and PeT is disfavored (Figure 4). These
calculations imply that although ring strain may exist in ReAsH-EDT2, it is insufficient to
raise the As-centered HOMO energy to facilitate PeT. More importantly, since the Ascentered HOMO in the minimum energy structure of ReAsH-EDT2 cannot support PeT, the
calculations imply that ReAsH-EDT2 fluorescence must be quenched through a transient,
high-energy conformation.

Author Manuscript
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We performed Hartree-Fock calculations at the 6–31+G(d) level using Gaussian 0921 to
investigate the effect of ring strain and restricted As-aryl rotation on the molecular orbital
energy landscape of ReAsH-EDT2. First, we evaluated whether ring strain relief alone could
sufficiently stabilize the arsenic-centered HOMO to disfavor fluorescence quenching via
PeT.17 To model the effect of ring strain, we computed the energies of the arsenic- and
fluorophore-centered HOMOs of both ReAsH-EDT2 (with two 5-membered EDT chelates)
and ReAsH-PDT2 (with two 6-membered PDT chelates). In simple cycloalkanes, this
difference in ring size accounts for over 5 kcal•mol−1 of strain energy.22 Structures were
minimized using the Hartree-Fock method and the basis set 6–31+G(d). All calculations
were performed with water solvent using the Polarizable Continuum Model (PCM).
Molecular orbitals were assigned to As or the fluorophore core by visual inspection and
validated using GaussSum.23 In ReAsH-EDT2, 97% of the orbital denoted the fluorophorecentered orbital was composed of atomic orbitals from fluorophore; the analogous value for
the As-centered orbital was 88%.

To investigate whether this transient, high-energy conformation could be one or more Asaryl rotamers, we calculated orbital energies for 1,296 different As-aryl bond rotamers of
ReAsH-EDT2 and ReAsH-PDT2. We began with the minimized structures of ReAsH-EDT2
or ReAsH-PDT2 (Figure 5), and systematically rotated the As-aryl dihedral bond angles Ω
and Ω’ (C-C-As-S) between −180° and 180° at 10° intervals (Figure 6). Energy calculations
(performed at the HF 6–31+G(d) level in water with the PCM solvent model in Gaussian)21
were used to evaluate the resulting structures, and the difference in energy (ΔE) between the
As and fluorophore-centered HOMOs was plotted as a function of Ω and Ω’ (Figure 7A).
Plots of absolute energies are shown in Figure 7B. In each case, a number of ReAsH-EDT2
and ReAsH-PDT2 rotamers with severe steric clashes (16% and 22%, respectively) were
excluded from the analysis.

J Am Chem Soc. Author manuscript; available in PMC 2017 April 05.
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The calculations indicate that the difference in energy (ΔE) between the As and fluorophorecentered HOMOs depends critically on the As-aryl dihedral angles Ω and Ω’ (Figure 7). The
value of ΔE varies between ± 0.2; positive values correspond to orbital arrangements that
support PeT (As-centered HOMO higher in energy than fluorophore-centered HOMO) and
states that are expected to be quenched, whereas negative values correspond to orbital
arrangements that do not support PeT (As-centered HOMO lower in energy than
fluorophore-centered HOMO) and states that are expected to be fluorescent. Overall, almost
half (42% and 47%, respectively) of the evaluated ReAsH-EDT2 and ReAsH-PDT2 rotamers
would support PeT and should be quenched; the remaining rotamers should be fluorescent.
In particular, the calculations predict that ReAsH rotamers with Ω and Ω‘ values between
approximately −70° and 150° and between approximately −150° and 70°, respectively, will
glow, whereas rotamers in which either Ω or Ω’ lies outside this range will not. In general,
ReAsH-EDT2 rotamers in which even one As-aryl bond is rotated at least 100° from the
ideal conformation will be quenched. Because of steric hindrance, the overall difference in
rotamer energy is larger for ReAsH-PDT2 (Figure 7).
In addition to the observation that the set of predicted fluorescent ReAsH-EDT2 rotamers
includes the minimum energy structure (Figure 5) (Ω/Ω’ = 46.64°/−46.64°), the predicted
relationship between As-aryl bond rotation and ReAsH fluorescence is largely in line with
previously reported analyses of ReAsH-protein interactions. First, the set of predicted
fluorescent ReAsH rotamers includes those observed in the NMR structure of ReAsH bound
to a peptide containing a linear, optimized Cys4 motif (FLNCCPGCCMEP).26 Here, the
values of Ω and Ω’ (averaged across all 30 structures) were −57.1 ± 6.09° and 54.5° ± 47.8°;
this combination lies at the very center of the rotamer plot (Figure 7A, point O) along with
the minimum energy structure (Ω/Ω’ = 46.64°/−46.64°) (Figure 7A, point A).

Author Manuscript
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The set of predicted fluorescent ReAsH rotamers is also largely in accord with previous
studies that evaluated whether ReAsH became fluorescent when bound to diverse bipartite
motifs in two widely studied and important proteins, p53 and EmGFP. In these cases, three
of the four variants (p53-2, p53-3, and EmGFP-1) formed fluorescent complexes with
ReAsH, whereas one (EmGFP-2) did not.27 Two different p53 variants were evaluated: one
contained Cys residues at positions 107, 108, 148, and 149 (p53-2), while the other
contained Cys residues at positions 116, 117, 123, and 124 (p53-3) (Figure 8). In both cases,
the Ω and Ω’ values for the predicted ReAsH complexes fell within the range associated with
fluorescent conformations (p53-2: 133.3, 24.5; p53-3: −37.4, 57.1) (Figure 8A and B). Two
variants of EmGFP were also studied: one contained Cys residues at positions 19, 21, 26,
and 28; the other at 34, 36, 41, and 43. Again, in both cases the Ω and Ω’ values for the
predicted ReAsH complexes fell within the range associated with fluorescent conformations
(EmGFP-1: −52.97, −60.13; EmGFP-2: 76.2, 58.6 (Figure 8C and D). Although this
analysis would suggest that both EmGFP-1 and EmGFP-2 should form fluorescent ReAsH
complexes, EmGFP-2 binds ReAsH poorly (Kd > 500 μM in the absence of EDT; the value
for EmGFP-1 is 5 μM).27 Indeed, modeling suggests that ReAsH binding to EmGFP-2 (but
not EmGFP-1) disrupts the GFP β-strand network, suggesting that lack of fluorescence
results from weak binding rather than from a non-fluorescent conformation.

J Am Chem Soc. Author manuscript; available in PMC 2017 April 05.
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The set of predicted fluorescent ReAsH rotamers is also in accord with previous studies of
Gierasch and coworkers, which evaluated whether the related fluorophore FlAsH became
fluorescent when bound to Cys4 variants of cellular retinoic acid-binding protein I (CRABP
I), another protein rich in β-sheet structure.16 Several CRABP I variants were evaluated; the
FlAsH complex of variant St1’-10, which was stable to the highest concentration of EDT,16
possessed a Cys4 arrangement closest to the ideal, with Ω and Ω’ values of 20.17 and
−75.17. In contrast, the FlAsH complexes of variants St1–2 and St1–10, which formed less
stable complexes, possessed a Cys4 arrangement further from the minimum energy
conformation (Ω and Ω’ values of −176.48 and −110.94 for St1–10 and −40.64 and −65.25
for St1–2) (Figure 9). St1–10, which has Ω and Ω’ outside the ideal range, had the lowest
quantum yield of all three complexes.

Author Manuscript
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The rotationally restricted model we propose demands that rotation about the As-Aryl bond
occurs on a time scale that allows a population of excited ReAsH-EDT2 molecules to access
a high energy conformation where quenching can occur before a photon is emitted.
Although few aryl-As rotational barriers are known, in general, aryl-X rotational barriers
decrease as the atomic radius of X increases.28 The rotational barriers calculated for aryl-P
bonds are low (1 to 3.74 kcal•mol−1 depending on aryl substituent),29 suggesting that the
As-aryl rotational barrier in ReAsH is accessible at RT, with a substantial number of
molecules (15.6% - 0.2%, assuming a Boltzmann distribution of states) populating even the
least favorable rotamer.29,30 But more importantly, the rotationally restricted model predicts
that the lifetime of the ReAsH-EDT2 excited state will be shorter than that of ReAsH bound
to a protein where little or no rotation (and thus little or no quenching) can occur. Although
the excited state lifetime of ReAsH-EDT2 has not been reported, the reported excited state
lifetimes of FlAsH bound to the α2A adrenergic receptor or the peptide FLNCCPGCCMEP
are between 4 and 5 ns.5,31
To test whether coordination of ReAsH to a protein tetracysteine motif would increase the
excited state lifetime, we expressed and purified a variant of maltose binding protein (MBP)
modified with a C-terminal, optimized, tetracysteine motif, FLNCCPGCCMEP (MBPC4).32 MBP-C4 binds ReAsH in the micromolar concentration range in the presence of 1
mM EDT (Kd = 33.7 ± 8.1 μM); fluorescence lifetime measurements were performed under
conditions where > 75% of the ReAsH-EDT2 was complexed with MBP-C4. Under these
conditions, the time-dependent decay of ReAsH-EDT2 fluorescence and ReAsH•MBP-C4
fluorescence (Figure 10A) fit best to a double exponential function, with an optimal fit to
equation (1):

Author Manuscript

In this equation, Y represents the observed number of photon counts; i is time, B1 and B2 are
coefficients giving the relative contribution of each decay, and T1 and T2 are the excited state
lifetimes. In ReAsH-EDT2, the shorter lifetime (T1 = 0.092 ± 0.006 ns) dominates
significantly over the longer lifetime (T2 = 3.393 ± 0.008 ns) with coefficients of B1 =
0.2732 ± 0.0005 and B2 = 0.00751 ± 0.00001, respectively. In ReAsH•MBP-C4, however,
both species contribute significantly; the shorter lifetime (T1 = 0.13 ± 0.01 ns) and the

J Am Chem Soc. Author manuscript; available in PMC 2017 April 05.
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longer lifetime (T2 = 3.67 ± 0.005 ns) are associated with coefficients of B1 = 0.0984
± 0.0003 and B2 = 0.01706 ± 0.00002. The 7-fold increase in contribution of the longer
lifetime when ReAsH is bound to MBP-C4 is fully consistent with a rotamer-restricted
model for fluorogenicity, in which protein binding hinders As-aryl rotation and the resulting
PeT quenching.

Author Manuscript

The rotationally restricted model we propose also predicts that an increase in solution
viscosity that hinders As-aryl rotation should increase fluorescence, as under these
conditions fewer molecules will access a quenched conformation during the lifetime of the
excited state. Indeed, the fluorescence of the BODIPY-based dyes, BV-1 BoMe, and dCbdp,
the benzonitrile, DMABN, the benzylidene, DCVJ, the stilbene, p-DASMI, and crystal
violet all of which are quenched internally by virtue of bond rotation, increase in solutions
of increased viscosity.20,33 For example, the fluorescence intensity of the distorted-BODIPY
dye BV-1 increases by 335% between pure water and pure glycerol.20 Dyes that are not
affected by rotation-induced quenching show little of no change in fluorescence intensity as
the solution viscosity increases.20 Consistent with this trend, the fluorescence intensity of
resorufin at the emission maximum (582 nm) was unaffected by addition of between 0 and
10% glycerol (Figure 10B). By contrast, the fluorescence intensity of ReAsH-EDT2
increased by 175% under comparable conditions. The observation that ReAsH-EDT2
fluorescence is sensitive to solution viscosity is fully in accord with the rotamer-restricted
model, in which its fluorescence quenched by virtue of As-aryl bond rotation.

Conclusions

Author Manuscript

In summary, here we report calculations that support a novel mechanism for the observed
binding-induced fluorogenicity of the bis-arsenical dye ReAsH. The observation that
fluorescence is possible only in certain As-aryl rotational states has two important
ramifications. First, it provides a clear strategy for the design of new bis-arsenicals that are
even more conformationally restricted, becoming fluorescent in even fewer rotational states:
these new derivatives should display lower background fluorescence. It also provides all the
information necessary for the algorithmic identification of ideal ReAsH binding sites in
proteins of known structure.

Methods
Calculations

Author Manuscript

All calculations were performed using Gaussian (2009-D.01) and either a PC (Dell with
Windows 7 Pro) or the Yale High Performance Computing Cluster. Molecular orbitals and
ball-and-stick models of ReAsH (Figure 5) were generated using Gauss View.34 Structures
of ReAsH-EDT2, ReAsH-PDT2, and ReAsH-MMT4 (Figure S1) were minimized using
Hartree-Fock theory (6–31+G(d) basis set) with water solvent using the Polarizable
Continuum Model (PCM).21 Calculations were performed with the following input options:
opt rhf/6–31+g(d) scrf=(solvent=water) geom=connectivity. The calculations were
performed using the deprotonated form of ReAsH as input, as ReAsH should be > 97.5%
deprotonated at physiological pH (pH 7.4) according to the pKa of resorufin, the parent
fluorophore (5.8);35 the pKa of ReAsH bound to the FLNCCPGCCMEP peptide is even
J Am Chem Soc. Author manuscript; available in PMC 2017 April 05.
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lower (4.18).36 ReAsH-EDT2 and ReAsH-PDT2 rotamers were generated by opening the
minimized structures in Gauss View and using the dihedral angle editor tool to change the
SAs-C-C dihedral angles. Thus, the rotation was rigid: the orbitals were calculated after each
rotation without any further minimization of the structure. To ensure that the molecular
orbitals associated with the lowest energy PET-permitting structure (Ω = −160°, Ω′ = 51°)
remained quenched after relaxation of the rest of the molecule, two carbon atoms and all
four sulfur atoms were frozen and the structure was minimized in Gaussian (HF 6–31+G(d))
basis set water modeled by PCM). Figure S2 illustrates which atoms were frozen during the
minimization. The resulting structure still permitted PeT.
Description of molecular modeling procedures

Author Manuscript
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Models of ReAsH bound to previously studied Cys4 motifs (p53-2, p53-2, EmGFP-1,
EmGFP-2,27 CRABP-I St1–10, CRABP-I St1–2, CRABP-I St1’-10)16 were generated by
first performing in silico mutagenesis in Pymol37 to alter the appropriate amino acids to
cysteine. The following PDB files were used as starting points: p53 (1TUP), EmGFP
(1EMA), CRABP-I (1CBI). Cys4 motif models of ReAsH bound to each Cys4 site were
generating by including the atoms within each Cys4 motif plus three residues on either side
of each cysteine. Gauss View was then used to attach ReAsH to the Cys4 motif model and
Gaussian molecular mechanics was used to minimize the structure. Images of the minimized
models were generated in Pymol.37 Each minimized conformation is described uniquely by
the six distances (Dactual) between each sulfur-sulfur pair. To evaluate the extent to which
each modeled site deviated from an optimal geometry, we compared the sum of these six
distances in each modeled complex to those calculated for the minimum energy
conformation of ReAsH-MMT4 complex (Dideal) (Figure S3) using equation 1; smaller
values of the summed score represent complexes that better approximate the minimum
energy conformation.

Cloning, expression, and purification of MBP-C4

Author Manuscript

DNA encoding an FLNCCPGCCMEP ReAsH binding tag32 was appended to the Cterminus of the MBP gene using Gibson Assembly (NEB). The Gibson Assembly product
was transformed into XL1-Blue Electroporation-Competent cells (Agilent) and plated on
agar plates containing 50 mg/mL kanamycin (AmericanBio). Resulting colonies were
picked, grown overnight, and plasmids were purified using a Miniprep Kit (Qiagen). The
sequences of the plasmids were confirmed by DNA sequencing. A plasmid containing the
correct sequence (pMBP-C4) was transformed in to BL21 (DE3) cells (Agilent) and plated
on agar plates containing 50 mg/mL kanamycin. A colony was chosen from that plate,
inoculated into a 30 mL starter culture with 50 mg/mL kanamycin, and grown overnight.
The starter culture was then diluted into 1 L of LB with 50 mg/mL kanamycin. The culture
was grown until it reached an OD600 of 0.8 at which time 1 mM IPTG (AmericanBio) was
added to induce protein expression. The cells were grown overnight and spun down the next

J Am Chem Soc. Author manuscript; available in PMC 2017 April 05.
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morning at 4,100 × g for 15 min (Beckman Allegra R centrifuge). Cells were re-suspended
in lysis/wash buffer (200 mM NaCl, 20 mM Tris, 10 mM imidazole, 1 mM EDTA (pH 8))
and lysed by sonication. A cOmplete EDTA-free protease inhibitor tablet (Roche Applied
Science) was added before lysis. The lysate was spun at 14,000 × g for 15 min. The
supernatant of the lysate was incubated with Ni-NTA resin (Qiagen) for 15 min and the resin
was loaded onto a column. The column was washed with approximately 20 mL of lysis/
wash buffer. and MBP-C4 was eluted in four 3 mL fractions with elution buffer (200 mM
NaCl, 20 mM Tris, 250 mM imidazole, 1 mM EDTA (pH 8). Protein identity was confirmed
by LC-MS and purity was assessed at ≥ 96% by analysis of a Coomassie-stained SDS-PAGE
gel. The protein was dialyzed into Assay Buffer (100 mM Tris, 75 mM NaCl, 3.5 mM TCEP
(Sigma) (pH 7.8). The protein was concentrated to 672 μM using an Amicon Ultra-15
Centrifugal Filter (Millipore), aliquoted, and frozen at −80°C.

Author Manuscript

Viscosity and ReAsH Emission

Author Manuscript

A 50% glycerol stock solution was prepared by mixing equal volumes of glycerol and
MilliQ water and used in all subsequent experiments. Measurements were performed by
diluting 0.5 μL of ReAsH-EDT2 in DMSO (Invitrogen) into 1 mL of 100 mM NaOH. A
small amount of resorufin (Sigma-Aldrich) was suspended in DMSO and then diluted into
100 mM NaOH. The ReAsH-EDT2 and resorufin concentrations were then quantified on the
basis of UV-absorbance (ε for ReAsH-EDT2 = 63000 M−1cm−1 (reference 26); ε for
resorufin = 73000 M−1cm−1 (reference38) and diluted to a concentration of 900 nM in 100
mM NaOH. Solutions with 0%, 2%, 5%, 10%, 15%, and 20% (by volume) of glycerol were
prepared from the 50% glycerol stock. Glycerol solutions were then mixed 1:1 with the 900
nM solution of ReAsH- EDT2 or resorufin. The emission spectra from 555 nm to 630 nm
using an excitation wavelength of 540 nm was measured with a PTI fluorimeter. Five
replicates were done for each dye.
Measurement of ReAsH binding to MBP-FLNCCPGCCMEP

Author Manuscript

Solutions of MBP-C4 with concentrations ranging from 0 to 100 μM were prepared by
diluting a frozen stock of MBP-C4 (672 μM) with Assay Buffer. These solutions were
incubated at 4° C overnight. Separately, a small quantity of ReAsH-EDT2 (Thermo
Scientific) (0.5 μL of a 2 mM stock) was diluted into 100 mM NaOH and its concentration
determined by UV spectroscopy (ε = 63,000 cm−1M−1). The ReAsH was then diluted into
Assay Buffer supplemented with 2 mM EDT to a final concentration of 100 nM. The
ReAsH–EDT2 solution was immediately added in a 1:1 ratio to the MBP-C4 solutions.
ReAsH was incubated with the protein for 90 mins. The emission between 555 nm and 640
nm (excitation= 540 nm) of each sample was measured using a PTI fluorimeter. A plot of
the average emission between 575 nm and 585 nm vs [MBP-C4] was fit with the following
function:

Where Fobs was the observed emission and P was the concentration of protein. The function
was fit using Graphpad Prism to give a Kd of 33.71 ± 8.107 μM (Figure S4).
J Am Chem Soc. Author manuscript; available in PMC 2017 April 05.
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Measurement of fluorescence excited state lifetimes
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Fluorescence lifetimes were measured by time-correlated single photon counting using a
TD-Fluor Horiba Fluorolog 3 with a 566 nm LED. A frozen stock of MBP-C4 (672 μM) was
diluted with Assay Buffer to a final concentration of 200 μM. Separately, a small amount of
ReAsH-EDT2 (0.5 μL of a 2 mM stock) was diluted into 100 mM NaOH and the precise
ReAsH concentration determined using UV spectroscopy (ε = 63,000 cm−1•M−1). The
ReAsH was then diluted with Assay Buffer supplemented with 2 mM EDT to a final
concentration of 2 μM. Samples used for fluorescence lifetime measurements were prepared
by adding 25 μL of ReAsH-EDT2 solution to 25 μL of MBP-C4 solution. The final
concentrations of ReAsH-EDT2 and MBP-C4 were 1 and 100 μM, respectively. As the Kd of
the ReAsH•MBP-C4 complex is 33.7 ± 8.1 μM, the fraction of ReAsH bound under these
conditions is 75%. Fluorescence lifetimes were measured using a TD-Fluor Horiba
Fluorolog 3 with a 566 nm LED. The internal response function (IRF) of the LED was
measured using a solution of Ludox (Sigma). The data was fit using the Data Station
software. The decay curves of neither ReAsH-EDT2 nor ReAsH•MBP-C4 fit well to a single
exponential function (χ2 values of 45.7 and 7.71 for ReAsH-EDT2 and ReAsH-protein
solutions, respectively). Therefore the equation was fit with a two exponential function. The
bi-exponential function resulted in much better fits with χ2 values of 1.23 and 1.17 for
ReAsH-EDT2 and ReAsH-protein solutions, respectively.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

FlAsH-EDT2 and ReAsH-EDT2, two fluorogenic bis-arsenical dyes used for linear2 and
bipartite tetracysteine display.7–9
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Figure 2.
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Tetracysteine (Cys4) (A) and bipartite Cys4 (B) display. Bis-arsenical dyes such as ReAsH
are quenched when coordinated to ethanedithiol (EDT) but become fluorescent upon ligand
exchange with a (A) single protein carrying a linear Cys4 motif or (B) a protein assembly in
which the Cys4 motif is recapitulated upon folding or association.
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Figure 3.
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Two mechanisms to account for the increase in ReAsH fluorescence upon binding a
tetracysteine (Cys4) motif. (A) In both, ReAsH-EDT2 is quenched by PeT from a high-lying
molecular orbital (MO) centered on arsenic to a lower-lying MO centered on the
fluorophore. (B) Fluorescence induced by relief of ring strain: In this mechanism, ReAsHEDT2 fluorescence is quenched by PeT from a As-centered orbital whose energy is raised by
strain in the As-EDT chelates; the relief of strain when EDT exchanges for a protein Cys4
motif lowers the energy of this orbital to disfavor PeT and allow fluorescence. (C) In this
mechanism, fluorescence induced by restricted rotation: ReAsH-EDT2 fluorescence is
quenched by PeT in only some As-aryl bond rotamers; exchange of EDT for a protein Cys4
motif restricts rotation to disfavor PeT and allow fluorescence. (D) In both mechanisms, a
change in structure or dynamics lowers the energy of the As-centered orbital to block PeT
quenching (Figure 3D).
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Figure 4.

Absolute and relative energies of fluorophore- and As-centered HOMOs in minimized
structures of ReAsH–EDT2 and –PDT2. See Figure 5 for images of minimized structures
and the As- and fluorophore-centered MOs.
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Figure 5.
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Images of As- and fluorophore-centered highest occupied molecular orbitals (HOMO)
corresponding to the lowest energy conformations of (A) ReAsH-EDT2 and (B) ReAsHPDT2; these conformations correspond to states A and B in Figure 7 and are expected to be
fluorescent. Also shown are images of the As- and fluorophore-centered highest occupied
molecular orbitals (HOMO) of (C) ReAsH-EDT2 and (D) ReAsH-PDT2 corresponding to
the lowest energy quenched conformation. These conformations correspond to states C and
D in Figure 7.
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Figure 6.

Structure of ReAsH-EDT2 and ReAsH-PDT2 illustrating the atoms used to define the Asaryl dihedral bond angles Ω and Ω’.
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Figure 7.
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Plots illustrating the effect of As-Aryl bond rotation on the (A) energy differences (ΔE)
between the As- and fluorophore-centered MOs and the (B) the total energy of ReAsHEDT2 and ReAsH-PDT2. Points A and B represent the lowest energy conformations of
ReAsH-EDT2 and ReAsH-PDT2, respectively. Points C and D represent the lowest energy
conformations were PeT is permitted for ReAsH-EDT2 and ReAsH-PDT2, respectively.
Point O represents the ReAsH rotamers observed in the NMR structure of the complex with
a linear, optimized Cys4 motif (FLNCCPGCCMEP). Points E, F, and G represent the values
of Ω and Ω’ in models of the ReAsH complexes of p53-2, p53-3, and EmGFP-1, respectively
(shown in Figure 8).
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Figure 8.
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Models of ReAsH in complex with previously reported Cys4 motifs within p53 and EmGFP
and the associated values of Ω and Ω’: (A) p53-2; (B) p53-3; (C) EmGFP-1 and (D)
EmGFP-2. Three of these proteins (p53-2, p53-3, and EmGFP-1) formed fluorescent
complexes with ReAsH, while one (EmGFP-2) did not. Hydrogen bonding networks are not
shown for clarity. In each case, the minimized structure of the indicated protein variant
bound to ReAsH is shown in teal and aligned with the native structure shown in green. As
discussed in the text, although the Ω and Ω’ angles for the minimized EmGFP-2 structure
fall within the fluorescent range, EmGFP-2 binds ReAsH poorly and the minimized
structure contains a disrupted β-strand network.
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Figure 9.
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Models of ReAsH in complex with previously reported bipartite motifs within CRABP I and
the associated values of Ω and Ω’: (A) CRABP I St1-10; (B) CRABP I St1-2; and (C)
CRABP I St1’-10. The FlAsH complex of variant St1’-10, which was stable to the highest
concentration of EDT,16 possessed a Cys4 arrangement closest to the ideal, with Ω and Ω’
values of 20.17 and -75.17. In each case, the minimized structure of the indicated protein
variant bound to ReAsH is shown in teal and aligned with the native structure shown in
green.
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Figure 10.

ReAsH fluorescent lifetimes and the effect of solvent viscosity support a rotamer-restricted
model for fluorogenicity. (A) The fluorescence decay of ReAsH-EDT2 and ReAsH-MBP-C4
as a function of time. Wavelength-dependent fluorescence emission of 450 μM (B) resorufin
or (C) ReAsH-EDT2 in 100 mM NaOH at room temperature in the presence of the indicated
amounts of glycerol. (D) Plot of the % change in the maximum emission of resorufin or
ReAsH-EDT2 as a function of % added glycerol.
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